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pH 8.5, the residual concentrations of nickel and chromium reported by
Thomas and Theis included certain insoluble species which had not settled.

The term M coprecipitatlon~ is often used in the literature to denote
the removal of a chemical species from solution under conditions which
norma l ly would not predict its remova l . These data show that nickel ,
cac*ni um and zinc were all Hcopreclpitatedu with chromium. Additional
data were obtained to determine the effect of vary ing ratios of chromium p
and nickel on ficoprecipitat lon si . Results from these studies are s~.ownin Figures 32 and 33. The addi t ion of low levels of chromium to a ni cke l
solut ion drastically altered the precipitation:pH pattern for nickel.
Chromium concentrations as low as 1 mg/i were found to si gnificantl y reduce
the effective pH for nickel precipitat ion.

The “coprecipitation ” of chromium with other metal species has been
reported previously in the literature (27)(28). Various mechanisms , in-
cluding adsorption , have been proposed to describe the observed phenomenon.
Prel iminary studies , show ing “coprecipitation ” does occur , resulted in
a need for further ex per imental work in thi s area. Of premiere impor tance
was the collection of data which would help ident i fy possible mechanisms
which operate during the Hcoprecipitation of chromium and other metals.

The experimental approach chosen was to develop base titration curves
for eac h metal indi v idually as well as for certain mixed—metal systems.
The details of the experimental technique are discussed in the Methods
and Materials section of this report. To suninarize , each metal was titrated
wi th a base of known !trength and the solution ph was monitored during
the titration. The addition of base was continued until a solution pH
was obtained above the range of inso lub ilization for a particular metal.
In addition , the Int ial soluble concentration of each metal present in
solution was determined. Thus, by comparing the inita l equivalents of
metal present to the amount of base equivalent s added to solution , it
was poss ible to determine the stoichiometric base requirement necessary
for complete metal insolubi lizat i on. All metals under consideration in
this study were examined individually. In addition , the chromium-nickel
and chromlum-cainium mixed-metal systems were studied .~ These two metal
m ixtures were chosen because the insolub ili zation ranges for nickel and
cac nium are widely separated from that of chromium. Because of a signi -
ficant overlap of p11 ranges for inso lubi lization , the study of chromium-
copper and chromium-zinc metal mixture s u s i n g  titration techniques was
not considered feasible. - -

Representative graphs from the t i trat ion of each indiviual metal
are shown in Figures 34 through 37. Analysis of these results show the
titration method to be useful and reliable as a research tool. In each
experimental study, the stoichiometric amount of base added to solution
was approximately equal to the initial amount of metal present on an
equivalent basis. The endpoint of each titration curve is defined as
the point at which the solution pH begins a rapid rise following the
insolub llizat lon Nplateau N
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Having completed these initial studies , e f fo r t s  were made to examine
the chromium-nickel mixed-metal system in an in-depth fashion. Titration
curves were developed us ing several initial ratios of chromium to nickel
in solution. Representative results from these studies are shown in Fi gures
38 throug h 42. Examination of these resul ts leads to the following obser-
vat ions:

(1) In many instances , the solution pH remains below pH 6.5 through-
out the titration , corres pond ing to the pH range of chromi um insol~ibiliza-tion. Examples of this behavior are seen in Figure 38. In each case,
the pH does not stabilize at any time in the range of 8.0 to 9.0, corre-
sponding to the insolubilization of nickel. Rather , it rises rapidly
from 6.5 to 10.5 or 11.0. Thus , all metals present are insolubil ized at
the pH 5.0 to 6 .5 “plateau ” . This resu lt is different than would be pre-
dicted by equilibrium chemistry considerations. Figure 42 shows this
difference between theoretical predictions and experimental observations
for one set of experimental results. In this study, the i n i t i al chrom i um
and nickel amounts were 18.2 and 35.6 milliequivalents respectively.
Theoretically, equilibrium chemistry would predict that , following base
addition roughly equal to the ini t ial amount of chromium present , a dis-
tinct rise in pH should be noted. The pH shoul d progress to near pH 8.0,
into the range of nickel insolubili zation. In this pH range , the i n s o l u -
bil izat ion of nickel hydroxide would serve to produce a second pH “plateau ”
whick would continue until approximatel y 35.6 meg of base had been added.
At t h i s  po in t , all metals present would be insolubilized and further base
additions would produce a rapid rise in solution pH. Comparing the theore-
tical curve to that determined experimentally shows clearly that this is
not occurring.

(2) Figures 39 through 41 show cases where two pH “plateaus ” have
been established , corresponding to the reg ions of chromium and nickel
insolubi lization. However , the base equivalents added to the inflection
point of the titration curve are always much l arger than the initial amount
of chromium present. Thus , a mass balance of the system shows that any
additional base added to reach the inflection point must be utilized in
the insolubilization of nickel. For example, Figure 40 shows that 100
meq of base were added during the low pH “p lateau ” before the inflection
po i nt was reac hed. The initi a l chromi um present in thi s t i trat ion corre-
sponded to 20 meq. Thus , since no apprec i able rise in pH is noted over
th i s pH “plateau ” , it can be concluded that the additional 80 meq of base
were uti l ized in the insolubiliz~ tion of nickel from solution.

(3) A suninary of the initial metals concentrat ions and the total
required base equivalents determined experimentally from each mixed-metal
test are l isted in Table 6. By comparing the amount of initial metals
present to the amount of base required for complete insolubi lization ,
i t  can be see that, w ithi n the confi nes of ex per imental error , the equ i va-
lents of base added compares well with the equivalents of metals present
initially. This is an important finding since it provides some insight
into possible explanations for the “coprecipitation” phenomenon. Owing

63



-0 -i

-00

- p
S

.

C c  N..W Wz z  ‘_
\~ c c

C D C~~4

N.. LO
H II II -

‘ 
N.:

(.c
~

+ +  I D I I  .— —
-. 1

- ~~~I . 
C-)

II

C

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0P 0
~~~~~~~ ~~

C
=CD U

Hd

64



CD

N — 
—

—I V

*

(N N.. — U

0 - .-- r

+
~1~+ CN
L) c~~ 4~~~~~~

;
~~~

C~~~~c .~~E
_
I-4

U ’
C

LA.

ci

0) 00 N. L/~

Hd

65



- ~~~~~~
-_ 

~~~~~~~~~~
-—---- -

~~~~~~~~~~~~~~
-
~~~~~~

-

~~~~~~~~~~~~~~~~ 
- -- 

1-

CD
- ( N

C
C W  (N

CD -- - -

L f r ~~
CDl i v

I I I

CD
-00 ~~~~~~

U)

‘1~

I— I -. 
CD L

0-i 00 N... ‘..O .
~~7 U.

Rd

66

_____ 
_ - -



TA~LL 6. RESULTS OF CHROM IUM - NICKEL 
CD

~COPREC1PITATIOi~” STUDIES 
- 

~..o

THEORETICAL BASE ‘t Tu ~~~~ SASL - - 1
3 ci

‘1 r -

.70 2.82 3 .(~: CD
- 00O . 3 ~~ ~. 5 3.13 ..‘ .~~~ 

(N 
- -

2. 3.00 3.02

2. 4 3.56 3~~r I- --

2.35 
~ ~~38 4 .33 ~ ~~-

2.38 ~ E24 5.29 
~~~~~~~~~~ ~~(N - ci -3.7t~ ‘ .69 cy~~~~ 5 5.51 LI 

H

5~ 71 1.66 ii L43 7.30

80.8 17 3. 268. - 
~~~~~~~~ 

-
~~~

— U19.2 260. 69.2 300. < -
~~~ ~~

19 .8 205. 24.8 232 . 
-

- -

F-

C
CD

U.

0) 00 

.- 
CD

_ -__4~~~~~~~~ 
---~----.-~~~~L ~~~~~~~~~~~~~~~ __--_——-—— 

-



CD
00cj~~W W

ci
OC Lr 

N.

V
— ,I II 4.1

a: C
Ui r’~-~c-’ja: + +  CD --a : —  - (.0 C

il
>1 \ ~~~~ :~~

_

~~I—
c i  —.

Ui 0 
<1)

4.1

r i  1, 0 >
a)

I.— I * CD
I I - C

I
t 4-. -

~~
-

0)
’ 

Rd 
N.~~~

68



— -~~~~~ - -~~ 
____

TABLE 6. RESULT S OF CHROMIUM - NICK EL
“COPRECIPITATIOW’ STUDIES

INITIAL INITIAL THEORETICAL BASE ACTUAL BASE
Cr~

3 (MEg) N1~
2 (MEQ) REQIJIRED (MEQ) REQUIRED (MEQ)

0.12 2.70 2.82 3.02

0.35 2.75 3.10 3.32
0.46 2.54 3.00 3.02

1.15 2.41 3.56 3.50

2.03 2.35 4.38 4.30

2.86 2.38 5.24 5.29

3.76 1.69 5.45 5.50

5.77 1.66 7.43 7.30

80.8 173. 253.8 268.

19.2 260 . 269.2 300.
19.8 205. 224.8 232.
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to the close agreement between base requirements and initial metals p~-e-sent , it appears that adsorption of nickel to the chromi um surface is
not a likely mechan ism; rather , the data show that both metals are being
com p letely inso lubi lized as metal hydroxide spec i es.

The possibility of a reversible adsorption reaction involving nickel
and the chromium hydroxide surface was investigated. The hypothesis tested
is as follows :

Initially, in the pH range favoring chrom i um insolub ilizat i on , nickel
ions m ay be adsorbed to the chromium surface. However , upon continued
base addition , the nickel ions may desorb from the part icle surface and
in solub ilize as nickel hydroxide . Thus, the adsorption of nickel would
result in the production of a “metasta b le ” chromium-nickel spec ies from
which nickel could desorb at hi gh pH values .

To test this hypothesis , experimental test procedures were devised.
Insolubilization stud ies were performed using a chromi um-nickel mi xture.
The solution pH was raised through base addition to the range of pH 7
to 7.3, a range wh i ch would produce complete chrom i um insolubilizat i on
but would leave nickel in solution . After achiev i ng this pH range , the
suspension was flocculated and settled for one hour. After settling,
the soluble concentration of metals remaining in the supernatant liquor
was determined. By comparing the amount of metals removed at this pH
value with the amount of base added to solution , it should be possible
to examine the possibilities for nickel adsorption . If adsorption is
a v i a b l e  phenomenon , the total amount of metals remove d from so l uti on
would be much higher than the equivalent amount of base added.

Resul ts of these experiments are shown in Table. 7. In all cases ,
the amount of chrom i um and nickel removed at pH 7.0 to 7.3 could be roughly
accounted for by the number of base equivalents added to solution . Thus ,
one may conclude that adsorption does not play a major role in the “copre-
cip itation ” of chrom i um an d n ickel .

After eliminating adsorption as a possible mechanism for “coprecipi-
tation ” , other alternatives were considered. One possible mechanism was
that nickel was involved in an “inclusion reaction ” where nickel ions
could be incorporated in the insolubi lizat ion of chromium ions. Through-
out the study, i t  had been experimentally observed that , during the ini-
tial additions of a base to a chromium-bearing wastewater . the solution
color would turn from a violet -blue to a blue-green in the pH range 4.0
to 4.5. Exami nation of chromium spec i at i on diagrams such as those shown

i n  Fi gures 43 and 44 for 10-2 and 1O ’~ molar chromium solutions show this
pH range to correspond to the production of certain polynuclear chrom i um
spec i es. Thus , it was felt that nickel may be incorporated i nto the pro-
duction of these chemical spec ies. To test this hypothesis , a seri es
of three experimental tests were undertaken . In the first test, both
n ickel and chromium were initially present in solution and base added
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until a pH of 10.1 was obtained. In the second test , the same metal con-
centrations were utilized . However , the nickel was not added to solution
until the pH of the chromium solution had been raised to pH 4.5. Thus ,
the nickel was added to solution following the pH characteristic of the
possible form at i on of chromium polymeric spec ies . Again , the metal mixture
was titrated with base until a final pH of 10.0 was obtained. Finally,
in the third test , the nickel was not added to the chromium solution until
a pH of 5.3 had beerm attained , the pH at which the insolubi l izat ion of
chromium hydroxide becomes incipient . Ilpon attaining pH 5.3 , the soluble
nickel was added to solution , and the pH l ikewise raised to 10 .0. Results
from these three experimental tests are shown in Fi gure 45. It can be
seen that , for all three sets of experimental conditi ons , the resulting
titration curves are indeed similar . If nickel inclusion was the mechanism
occurring during 11coprec ipitat-i on ” one would expect to see a variat i on
between the three sets of data. Precisel y, the curves produced in tests
2 and 3 should produce a second “p la teau ” corresponding to the insolubil-
izat i on of nickel since adding the nickel at the pH values 4.5 and 5.3
would not have allowed for its incorporation into the chromium spec ies
formed . Thus , since no perceivable variat i on can be noted between the
three titration curves , it appears unlikely that “coprecipitation ” occurs
through the inclusion of nickel ions within the chromium hydroxide matrix.

A third alternative to be considered is the effect of ins ol ubi li zatio n
kinetics on these metal mixtures . It is possible that var i at i ons in kinetic
rates of insolubilizat i on may help to explain the obser ved “coprecipitat ion ”
phenomenon . It must be remembered that equilibrium chemistry is useful
in describing only systems wh i ch have reached equilibr ium . Equilibrium
considerations are not applicable in describing the rate at which equi li-
brium is attained. Furthermore , several chemical systems have been shown
to exist for extended per i ods of time in a non-equilibrium or “metastable ”
state . Thus , in considering the interaction of metals in a mixed -metal
system , it is imperative that the system k inet ics be eva luated. A pro-
posed kinetic mechanism for “coprecipitation ” is as fol lows :

Upon the addition of a high-strength base to a chromium-nickel m i\tu re ,
conditions of instantaneous “localized high pH” may develop. Within the
regions of “localized high pH” , the pH may reach 11.0 to 12.0 , even though
the bulk solution pH remains near pH 5.0 to 6.0. The idea of developing
hi gh pH conditions near the point of base addition appears plausible ,
especially when considering solutions of low buffering capacity such as
were utilized during this study . The extent of the development of “local-
ized high pH” would be dictated by the rate at which hydroxy l ions could
diffuse and mix throughout the bulk solution . Within the region of “local-
ized high pH” , both nickel and chromium would be predicted to insol ubi lize
based upon equilibrium chemistry calcu l~tions. Thus , the question becomes
one of insolubil izat ion k inet ics , name ly whether chromium or nickel ions
i n s o l u b i l i z e  more rapidl y from a kinetic rate standpoint .

Examination of the literature related to the kinetic rates of chromium
and nickel inso lub il iz at i on show such a mechanism to be feas ible. Stunii
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and Morgan (16) state

“the establishment of hydrolysis equilibria is frequently very fast ,
as lon g as the hydrolysis species are simple. Some metal ions like Cr(III),
Co (III), ... form their comp lexes very slowl y. Many of these polynuclear
hydroxo comp lexes are kinetic intermediates in the slow transition from
free metal ions to solid precipitates... ”

Thus , the rate of chromium insolubi lization may be dictated by the rate
at which polynuc lear chromium hydrox i de species are formed. Ermolenko
et al. (29) discuss this phenomenon in terms of ligand filed theory. Cal-
culations show that the increase in energy in going from the octahedral
configuration of Cr (H20)~

3 to a quadratic prymidal intermediate is greatest

for the transition metal ions of the d3 ions by several orders of magnitude
when compared with ions of other d configurations. Similar experimental
results regarding “coprecipitation ” may be expected if cobalt had been
utilized in this study instead of chromium , since cobalt is likewise a
d3 transition metal.

Althoug h useful kinetic rate coefficients related to the insolubi li za-
tion of certain metal hydrox i des could not be found , references to their
relative rates of reaction were located. Wilkins and El gen (30) propose
the theory that the rate constant for the formation of certain insolubili-
zation species can be related to the water excange rate for that given
element. Thus , it may be possible to discuss the rates of insolubi l izat ion
base d upon exam inat i on of the wa ter exchan ge rates of certa i n metals .

- - Table 8 lists the established rate constants for the reaction

Me(H20)~~ Me( H20)~~~1) + H20

for chromium , nickel and copper. The rate of water exchange can be seen
to be much faster when considering copper or nickel than chromium . Thus ,
applying the theory of Wilkens and Eigen , it is possible to theorize that
the kinetics of nickel insolubilizat ion are much more rapid than that
of chromium. It should be noted that kinetic effects on the insolubi liza-
tion of certain metal species have been noted by other investigators (31)
(32). Many have concluded that major variations in metal removal from
solution can be attributed to parameters such as the strength and rate
of base addition. A variation in the rate at which hydroxy l i ons are
added to solution would imply a change in the system kinetics.

To sumar i ze , of the proposed mechanisms considered , the onl y one
which appears viable relates to the kinetics of metals insolubilization
and how large differences in kinetic rates may override conditions predicted
from thermodynamic equilibrium considerations. Mechanisms related to
the adsorption or inclusion of other metals during the inso lubi liz ation
of chromium were found to be inadequate in the description of experimental
data collected during this study.
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TABLE 8. WATER EXCHANGE RATES FOR CERTAIN METAL ION S

WATER EX CHANGE RATEMETAL ION CONSTANT (M sec~ J
Cu~

2 
108.3

N i~
2 io&4

Cr~
3 

~~~~~
Fe~

3 
io0.6

I
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